Synthesis and use of novel compositions of bioactive glasses (BGs) for hard tissue engineering are of important significance in the biomedical field. In this study, we successfully synthesized a series of 58S-based BGs containing fluoride (F − ) and silver (Ag + ) ions through a sol-gel method for possible use in bone/dental regeneration and antibacterial strategies. Characterizations of samples were performed by using thermal analyses (thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)), X-ray diffraction (XRD), Fouriertransform infrared spectroscopy (FTIR), textural analysis (N 2 adsorption-desorption), and morphological observations by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The obtained data revealed that the fabricated BGs are in a glassy state before incubation in the Kokubo's simulated body fluid (SBF), and an apatite-like layer is formed on their surface after 7 days of immersion in SBF. The size of the glass particles was in the nano-range (about 100 nm or below), and their pore size was in the mesoporous range (15-25 nm). These early results suggest that the F-and Ag-doped glasses show promise as multifunctional bioactive materials for bone/dental tissue engineering.
Introduction
Skeletal disorders are still identified as the most common injuries of the human body. Moreover, the rate of bone defects and diseases are growing so that it will be expected to double by 2020 [1] . Therefore, many attempts have been made worldwide to provide appropriate substitutes for the replacement of damaged bone tissues [2] [3] [4] . Although the transplantation of naturally derived grafts, including auto-, allo-, and xenografts, have been commonly applied as the first option, however, the use of synthetic materials has become increasingly important. The reason is associated with the inherent limitations of transplant materials including donor limitation (and hence limited availability), immunogenicity and risk of disease transmission, and ethical issues [5] .
Bioactive glasses (BGs) are identified as highlysuitable synthetic bone substitutes due to their excellent characteristics, including osteoinductivity, osteoconductivity, stimulation of angiogenesis, and biocompatibility [6] [7] [8] [9] [10] . Today, this type of biomaterials with different compositions is commonly used in clinics for hard and soft tissue repair and regeneration [11] [12] [13] . The composition of the first developed BG (45S5 Bioglass) consisted of a silicate quaternary system (45% SiO 2 , 24.5% CaO, 24.5% Na 2 O, and 6.0% P 2 O 5 , wt.%) which was invented by Hench in 1969 [14] . Since then, several other chemical formulations of BGs were designed and produced in the shape of powder, granules, and three dimensional (3D) scaffolds for the repair and regeneration of the human tissues [15] [16] [17] . Over time, the sol-gel approach has been proposed for the synthesis of porous BGs, in which higher surface reactivity and degradability of glasses are achieved due to the presence of an ultrahigh specific sur- face area (>100 m 2 /g) associated to the inherent mesoporous texture [18, 19] . In order to improve the biological effects of BGs, the incorporation of various therapeutic ions into the glass structure has been proposed. On this matter, a number of elements such as silver, fluorine, strontium, copper, and cobalt were added to the BGs [20] [21] [22] [23] . Each of these ions, once released from the glass structure into the surrounding biological environment, can activate specific genes and pathways for cells and tissues to achieve a desired therapeutic response [24] .
In order to enhance bone density and bone mass, fluoride ions (F − ) were added to the structure of BGs in different systems. Fluorine is an inorganic element that plays a significant role in bone and tooth. It has been shown that F − ions can increase trabecular thickness and bone density, which may be favorable for the treatment of osteoporosis [25, 26] . Moreover, this ion can inhibit the progress of dental cavities due to forming fluorapatite (FAp), which is more acid-resistant than hydroxyapatite (HA) in acidic conditions (e.g. in the mouth) [27] . Accordingly, incorporating fluoride ions into BGs and glass-ceramics is of great interest for developing dental as well as orthopedic biomaterials.
Since post-surgical bacterial infections are recognized as one of the main constraints on the way of bone repair, much attention has been made in controlling and preventing bacteria growth and reproduction [28] . In this regard, the incorporation of antibacterial elements like silver [29] , copper [30] , and zinc [31] into BGs has been proposed as an appropriate approach to inhibit bacterial activities. In a previous work, we synthesized 58S-based BGs co-doped with silver and fluoride ions and tested their antimicrobial activity against bacteria isolated from infected burn wounds of human patients. Specifically, it was shown that the effectiveness of released Ag + ions against bacteria and the cytotoxic effect follow a concentration-dependent manner [32] . These early biological results were used as an eliminatory criterion to select the most promising BGs deserving further physico-chemical investigations, which are reported in the present work. These BGs can be considered potentially suitable for application in bone regeneration strategies: to the best of our knowledge, it is the first time that silver and fluoride ions are simultaneously incorporated into the structure of BGs to achieve a dual therapeutic effect, i.e. improving osteogenesis and antibacterial activities.
Materials and methods

Synthesis of glass particles
Glass nanopowders containing Ag + and F − ions were synthesized based on 58S BG composition ( Table 1 ) via solgel method. Briefly, 14.8 g of tetraethyl orthosilicate (TEOS) was added into 30 mL of 2 M nitric acid solution, and the mixture was allowed to react for 60 min for the acid hydrolysis of TEOS to proceed almost to completion. Then, triethyl phosphate, calcium nitrate tetrahydrate, calcium fluoride (CaF 2 ) and silver nitrate (AgNO 3 ) were added to the solution, respectively, in appropriate amounts. Next, mixing was continued for 1 h to allow the completion of the reactions. The aging procedure on the prepared sol was performed using incubation at room temperature for 7 days. The resulted gel was heated at 120 ∘ C for 24 h, and final calcination at 700 ∘ C for 1h was carried out to eliminate nitrates as well as to stabilize and partially densify the glass structure. The prepared BGs were milled and sieved to obtain glass particles with a size below 38 µm. Then, the material was milled again to obtain fine glass particles by high-energy ball milling (Fritsch's planetary ball mill P7).
Physico-chemical characterization 2.2.1 Thermal analyses
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were employed to evaluate the thermal behavior of the synthesized glasses. To obtain TGA curves, the samples were analyzed using a Shimadzu TGA-50 device under a nitrogen atmosphere at a heating rate of 5 ∘ C/min up to a temperature of 1200 ∘ C. In order to determine the crystallization temperatures by DSC, the samples in gel form were introduced into a Shimadzu DSC-50 ana-lyzer and subjected to a thermal cycle up to 1000 ∘ C with a constant heating rate of 10 ∘ C min −1 .
Densitometry
The density of all the glasses was measured in accordance with Archimedes' principle using analytical balance density determination kits (Thermo-Fisher, USA). The following formula was applied to calculate the density of the prepared glasses:
Where Md, Mi, and Dw are dry mass, immersed mass and density of water, respectively.
N 2 adsorption-desorption analysis
The pore texture of the glass particles was studied using N 2 adsorption-desorption method with an automatic nitrogen adsorption pore size analyzer (Belsorp mini II, Japan). Prior to all the analyses, the moisture was firstly removed from the samples through the degassing procedure by using a vacuum process at 150 ∘ C for 18-20 h. The nitrogen adsorption analysis provides information about the specific surface area, average pore size, and pore volume. Specifically, the specific surface area was assessed by using the Brunauer-Emmet-Teller (BET) method, and the pore size distribution (along with the mean pore size) was determined by the non-local density functional (NLDFT) theory approach [33] .
X-ray diffraction
X-ray diffraction (XRD) was used to confirm amorphous nature of the synthesized glasses. Crystalline phases developed on the surfaces of the studied glasses after soaking in simulated body fluid (SBF) were also identified by XRD analysis. Equal amounts of each sample were analyzed by using a Philips PW 3710 apparatus equipped with a monochromatized Cu-Kα radiation (wavelength λ = 1.54056 Å) under a voltage of 40 kV and current of 30 mA. The XRD patterns were recorded in the interval 10 ∘ ≤ 2θ ≤ 80 ∘ at a scan speed of 2 ∘ /min.
FTIR analysis
The calcinated glass powders were examined by Fouriertransform infrared spectroscopy (FTIR) by using a Nicolet NEXUS 870 FT-IR spectrometer (Thermo-Fisher, USA) before and after in vitro bioactivity tests. In the beginning, the samples were mixed with KBr at a weight ratio of 1/100 and palletized under vacuum. Subsequently, the pellets were introduced into the spectrometer, and FTIR spectra were recorded in the range of 400 to 4400 cm −1 with a resolution of 4 cm −1 .
Microscopic observations
The morphology and size of the glass particles were studied using transmission electron microscopy (TEM) by a Philips CM120 instruments operating at 100 kV. The glass particles were initially dispersed in ethanol (0.1 g/10 mL) followed by ultrasound treatment for 15 min. Subsequently, the samples for TEM inspection were prepared by pouring one drop of particle dispersion on a carbon-coated grid.
The surface morphology and microstructure of the glasses immersed in SBF solution was observed using a scanning electron microscope (SEM) (XL30 Philips-SEM, GER) at an accelerating voltage of 15 kV. Before being scanned, the samples were sputter-coated with a thin layer of gold (Desk sputter coater, NSC, Iran). Moreover, the chemical compositions of the samples were semiquantitatively evaluated by a X-ray energy dispersive spectroscopy probe (EDX; Rontec, Germany) directly connected to SEM.
In vitro bioactivity tests
Particles of each glass composition were soaked in SBF prepared according to the Kokubo's protocol [34] using a powder-to-solution ratio of 1.5 mg/mL, as recommended by the Technical Committee 4 (TC04) of the International Commission on Glass [35] . The samples were sealed in plastic bottles and placed in a static incubator at 37 ∘ C for 7 days. At the end of the experiments, the particles were collected by filtration, washed with deionized water, left to dry overnight at room temperature, and finally investigated by SEM coupled with EDX.
Results
Thermal analyses
The results of TGA and DSC analyses of the synthesized glasses are presented in Figure 1 . As it can be seen in the exemplary TGA graph for 58S glass, there are three main weight losses in the temperature ranges of 40-180, 180-360, and 360-570 ∘ C as a result of thermal removal of free water and alcohol (first drop), alkoxides groups (second drop), and decomposition of nitrates (third drop). The results of DSC analysis were in accordance with TGA data, showing two clear endothermic peaks for water evaporation and nitrate decomposition (at about 100-120 and 500 ∘ C, respectively) as well as an exothermic peak (centered at about 950 ∘ C), related to crystallization of the samples and the simultaneous formation of β-wollastonite (CaSiO 3 ) and cristobalite (SiO 2 ) crystalline phases. There was observed no significant weight loss above 700 ∘ C (calcination) confirming the successful removal of all the residuals below this temperature. Analogous results were found for F-and Ag-containing glasses with no significant differences. 
Densitometry
The results of densitometry of the glasses provides an early evidence of the successful incorporation of both therapeutic ions into the 58S-based structure. In fact, an increase in the density of the F-and Ag-containing glasses (2.70 and 2.72 g cm −3 respectively) was observed in comparison to the control group (2.67 g cm −3 ).
Textural properties
The results obtained from the Brunauer-Emmett-Teller (BET) analysis of the synthesized glasses revealed a type IV isotherm of the Brunauer-Deming-Deming-Teller theory (BDDT) classification [36] for all the materials prepared. Table 2 collects the textural parameters of the sol-gel glass powders. From these results, it can be inferred that all the prepared glass powders have pore sizes in the mesoporous range (2-50 nm). 
X-ray diffraction
The XRD patterns of the prepared BGs before and after incubation in SBF are given in Figure 2A , B. By observing the patterns, it is easy to infer that all the three calcinated materials are amorphous and possess a glassy state before immersion in SBF. However, low-intensity peaks (highlighted in yellow in Figure 2A ) are visible in the XRD patterns of the F-and Ag-containing samples, which might be related to the presence of CaF 2 (introduced during the synthesis process) and/or the formation of small amounts of fluorapatite during calcination. This is consistent with thermal analyses (Figure 1) showing that the onset of crystallization of calcium-silicate phases is well above the temperature used for calcination (700 ∘ C). After 7 days of immersion in SBF, the presence of diffraction peaks related to the formation of an apatite-like/fluorapatite layer was observed for all the samples.
FTIR analysis
The FTIR spectra of the BG particles after in vitro bioactivity tests confirmed the results of the XRD analysis reported in Figure 2B . The formation of an apatite-like layer on all the groups was observed after 7 days of immersion in SBF (see Figure 3 ). The bands centered at 450 and 1200 cm −1 are associated with the P-O bonds in the newly-formed layer, and those at 800 and 3500 cm −1 can be due to hydroxyl groups [37] . The peak at 1500 cm −1 is related to the presence of carbonate groups in the apatite structure, confirming the formation of hydroxyl carbonate apatite crystals along with other phases such as fluorapatite and hydroxyapatite. 
TEM observation
The TEM micrographs revealed that the glass particles are in the nano-sized scale. As shown in Figure 4 , the shape of the nano-particles is quite irregular, and their size is less around 100 nm. 
SEM observations and EDX analysis
The shape and surface morphology of the samples after incubation in SBF is shown in Figure 5 . The existence of an apatite-like layer onto the BG surfaces after 7 days of soaking in SBF was confirmed for all the samples as calcium-phosphate-rich spherical agglomerates with a typical "cauliflower morphology" are well visible. The data obtained from EDX analysis suggests that the high peaks of Ca and P can be attributable to this newlyformed phase; the peak of Si is due to the presence of the glass nanoparticles lying underneath. Compositional analysis also revealed the presence of Ag and F after incubation in SBF. It should be noted that the peak of gold (Au) on the glasses surfaces was only associated with the coating gold layer before the SEM imaging. 
Discussion
Up to now, different types of biomedical glasses have been developed and applied in bone repair and regeneration strategies [11] . However, more research is needed to achieve an optimized composition covering all therapeutic aspects around bone healing processes, like improving osteogenesis and avoiding bacterial infections. In this regard, a number of therapeutic ions have been added to the basic structure of glasses including strontium, zinc, gallium, and so on [38] . In this study, we successfully synthesized a series of 58S-based BGs containing fluoride and silver ions with the aim of covering both the above-mentioned issues, i.e. simultaneously improving bone regeneration and controlling antibacterial infections. It has been previously proven that fluoride ions (F − ) can stimulate bone formation and prevent osteoporosis-related fractures [39] . Also, the antibacterial effects of silver ions (Ag + ) have been widely documented in the literature [40] . When incorporated into the glass structure, silver can prevent bacterial growth and reproduction in vivo [41] . Although adding these two ions to melt-derived biomedical glasses has been previously evaluated [42] , there is a relative paucity of studies on the incorporation of F and Ag in sol-gel glasses. Specifically, the present study provides new information on the simultaneous incorporation of both ions into the 58S BG composition.
DTA and TGA analyses (Figure 1 ) revealed that the temperature of 700 ∘ C is enough to remove all the organic residuals and to stabilize all the glass powders. Similar to previously reported studies on glasses [20] , the TGA graph exhibits a distinct step between 40-180 ∘ C due to the weight loss of physically adsorbed water. The second step is around 180-360 ∘ C, which is related to the decomposition of alkoxides groups, followed by the third step (400-500 ∘ C), which is associated with nitrate decomposition.
Determined by the Archimedes method, the density of the samples provides a preliminary evidence of the successful incorporation of F − and Ag + ions into the glass structure. Specifically, the Ag-containing glass (5CaF 2 /1Ag 2 O group) has a slightly higher density compared to the other groups. These results were in accordance with previously published studies, reporting that silver possesses higher density in comparison to fluorine [43] .
Similar to other sol-gel-based glasses, the prepared samples showed a porous structure at the meso-scale confirmed by the BET analysis (see Table 2 ). As reported elsewhere [44] , the shape of the hysteresis loop is closely related to the shape of mesopores; specifically, all the produced BGs exhibits a H2 hysteresis loop, corresponding to mesopores with undefined shape. The specific surface area of all glasses is comparable to those of 58S silicate sol-gel materials reported in the literature [45] . However, adding F − and Ag + ions to the 58S composition resulted in reduced specific surface area and pore volume. As previously reported, F − ions through creating a dense and interconnected network reduce the pore volume in the solgel BGs [46] . It has also been reported that Ag + ions can precipitate in the glass network during the hydrolysis and condensation processes and, thereby, block the formation of glass mesopores [47] .
The XRD patterns of all glasses revealed their amorphous structure before immersion in SBF (see Figure 2A ). However, the formation of an apatite-like layer was observed after 7 days of incubation in SBF. As shown in Figure 2B , the peaks related to fluorapatite and silver chloride are obviously seen in the 5CaF 2 /0Ag 2 O and 5CaF 2 /1Ag 2 O groups, respectively. These peaks confirmed the successful incorporation of both ions into the different glass samples. Silver, which was present as a modifier in the glass network, was released in the form of Ag + ions that, after combining with Cl − ions from the solution, formed AgCl. The results of FTIR spectroscopy was in agreement with the XRD data, confirming the formation an apatite-like layer on the glass surfaces after 7 days of immersion in SBF (Figure 3) . The peaks near the wavelengths of 465 and 1078 cm −1 are possibly related to the vibrational modes of P-O bonds of apatite/ fluorapatite [48, 49] . Furthermore, the displacement of the OH − peaks between 800 and 3500 cm −1 is an additional evidence of the formation of a fluorapatite layer.
TEM observation showed that the size of the 58S-based glass particles is smaller than 100 nm (Figure 4 ). This size shows that the applied synthesis technique is appropriate for providing nano-sized glass particles. The SEM micrographs of all the SBF-immersed glasses showed that an apatite-like layer forms on them. These data are in line with ISO 23317 (Implants for surgery), declaring that the glass must be bioactive before 4 weeks post-immersion in SBF solution [50] . The peaks of F − and Ag + ions are obviously seen in the EDX spectra of the substituted glasses, confirming the presence of these two ions in the samples.
Conclusions
In brief, the authors could successfully synthesize a series of F-and Ag-substituted glasses based on the 58S sol-gel BG composition. The analyses of DSC, XRD, FTIR, TEM, and SEM were conducted to reveal the physico-chemical characteristics of the synthesized samples. All these 58Sderived nano-sized materials were predominantly amorphous after calcination and exhibit bioactvie properties after immersion in SBF. N 2 adsorption-desorption results clarified the mesoporous structure of all the sol-gel prepared glasses. Considering their apatite-forming ability, which is the key to osteointegration, and antibacterial activities (shown in a previously published report), these codoped glasses show promise for use in bone/dental tissue reconstruction and deserve to be further investigated to better clarify the structure-property-function relationships in the context of targeted clinical applications.
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